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ABSTRACT 

Owing to their utility for measurements of cosmic acceleration, Type la supernovae (SNe) are 
perhaps the best-studied class of SNe, yet the progenitor systems of these explosions largely remain 
a mystery. A rare subclass of SNe la show evidence of strong interaction with their circumstellar 
medium (CSM), and in particular, a hydrogen-rich CSM; we refer to them as SNe la-CSM. In the first 
systematic search for such systems, we have identified 16 SNe la-CSM, and here we present new spectra 
of 13 of them. Six SNe la-CSM have been well-studied previously, three were previously known but are 
analyzed in-depth for the first time here, and seven are new discoveries from the Palomar Transient 
Factory. The spectra of all SNe la-CSM are dominated by Ha emission (with widths of ^2000 km s~^) 
and exhibit large Ha/H/3 intensity ratios (perhaps due to collisional excitation of hydrogen via the 
SN ejecta overtaking slower-moving CSM shells); moreover, they have an almost complete lack of He I 
emission. They also show possible evidence of dust formation through a decrease in the red wing of Ha 
75-100 d past maximum brightness, and nearly all SNe la-CSM exhibit strong Na I D absorption from 
the host galaxy. The absolute magnitudes (uncorrected for host-galaxy extinction) of SNe la-CSM 
are found to be —21.3 < A/^j < —19 mag, and they also seem to show ultraviolet emission at early 
times and strong infrared emission at late times (but no detected radio or X-ray emission). Finally, 
the host galaxies of SNe la-CSM are all late-type spirals similar to the Milky Way, or dwarf irregulars 
like the Large Magellanic Cloud, which implies that these objects come from a relatively young stellar 
population. This work represents the most detailed analysis of the SN la-CSM class to date. 
Subject headings: supernovae: general — supernovae: individual (SN 1997cy, SN 1999E, SN 2002ic, 
SN 2005gj, SN 2008J, SN 2008cg, SN 2011jb, CSS120327:110520-015205, PTFllkx, 
PTFlOhtz, PTFlOiuf, PTFlOyni, PTFlldsb, PTFllhzx, PTF12efc, PTF12hnr) — 
stars: circumstellar matter 



1. INTRODUCTION 
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While Type la supernovae (SNe la) have been used 
as precise dist ance indicators for nearly two decades 



(Phillips 1993), the nature of their progenitor systems 
and explosion mechanisms is still unclear (see Howell 
2011 for further information). While there is general 



acceptance that they are the result of the thermonuclear 
explosion of C/0 white dwarfs (WDs), it is now likely 
that there are at least two major channels that lead to a 
SN la. The single-degenerate (SD) channel occurs when 
the WD accre tes matter from a nond egenerate compan- 
ion star (e.g., Whelan & Iben 1973), while the double- 
degenerate (PL ) ) channel is the result of the merger of 
two WDs (e.g., |Iben fc Tutukov|p84l | Webbink|[T984| . 

Extremely nearby SNe la which were discovered soon 
after explosion have recently led to tight constraints on 
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the size and luminosity of the companion star, thus rul- 
ing o ut many plausible SD scenarios for these objects 



(e.g., Nugent et al. 2011 Ganeshaling am et al. 2011 
Brown et al.||2012| [ibley e t al. 2012bt [Bloom et al" 
2012 Silverman ct al. 2012b). In addition, the so-called 



super-Chandrasekhar mass SNc la are thought to contain 
> 1.4 Mq of SN ejec ta and thus are likely formed from 



the DD scenario (e.g., 'Howell et al. 120061 

onnn i I d l „ „i- ,l oni nt l U 'l „_„! _i- J 



20091 IScalzo et al. 2010| [Silverman et a 



Yamanaka et al. 
2011; TaTTBeii 



berger et al.|2011[ ). However, there are a few SNe la that 
show strong evidence for the SD channel, possibly with 
a red giant (RG) companion. Photoionization and sub- 
sequent recombination of circumstellar medium ( GSM) 



has been observed in relatively normal SNe la ( Pat at 
et aL||2007[ [Blondin et aI]|2009J [Simon et aL]|2009 ), and 
GSM has been detected i n the spectra ot at leas t 20% of 
SNe la in spiral galaxies (Sternberg et al. [12011) and has 



been l inked to SN la explosion properties (Ibley et al 
2012a[) 



Even greater interaction with GSM has been seen in 
a small number of SNe la whose spectra contain strong, 
narrow hydrogen emission and whose luminosities often 
exceed those of the more "typical" SNe la that follow 
the light-curve decline rate versus peak luminosit y corre- 
lation (i.e., the "PhiUips relation" ; [Philhps|1993| . These 
"hybrid" objects resemble Type Iln SNe (SJNe lln) and 
have been dubbed SNe la/IIn, Ian, Ha, and Han . Un- 



der the stan dard SN classification scheme (e.g., Filip 



penko 1997), any SN with hydrogen features in its op- 
tical spectrum is considered a Type II SN and the sub- 
set of these showing relatively narrow emission lines are 
referred to as SNe Iln. Objects with relatively narrow 
hydrogen emission lines that are further linked (spectro- 
scopically) to SNe la could be denoted as "Type Una," 
though this moniker is somewhat cumbersome and ob- 
fuscating. Therefore, in this work, we choose to label 
such events as "SNe la-GSM" (or sometimes as "la-GSM 
objects") to highlight the connection to the physically 
distinct Type la class. 

SNe la-CSM have spectra which appear to be "diluted" 
SN la spectra with the aforementioned narrow hydro- 
gen emission lines superposed (leading to the SN Iln 
resemblance). Their light curves are broad and quite 
long-lived, peaking at absolute magnitudes brighter than 
about —19 mag. The two best-st udied objects in this 



class are SNe 2002ic and 2005gj ([Hamuy et al.[[2003 



Deng et al.|[2004lJKotak et al.[|2 004; Wang ct al. 2004 



Wood-Vasey et al.|2004|[Aldering et al..2006,,Pricto et al. 



2007 1 . Until recently there was some debate in the liter- 



ature as to whether these objects are truly SNe la or are 
in f act some straiige flavor of core-collapse SN (CCSN; 



e.g. 



Benetti 



i et al.|[2006l [Trundle et al|[2008 l 
;ible controversy seems to nave h 



been settled 



This possible controversy 
by th e discovery and analysis of PTFllkx ( [Dilday et al. 
2012 Silverman et al. submitted). This object was dis- 



covered by the Palomar T ransient Factory (PTF; Rau 
et al.|2009 Law et al.|2009 ) and shown to initially resem- 
ble the somewhat overlurninous Type la SN 1999aa dLi 



et al. 2001 Strolger et al. 2002 Garavini et al. 2004 ). Op 



tical spectra of PTlTlkx soon developed a strong Ha fea- 
ture with a P-Gygni profile, eventually resembling spec- 
tra of SNe 2002ic and 2005gj, the previously mentioned 
best-s t udied SNe la-GSM. Using early-time data, Dildayj 
et all (|2012|) find that PTFllkx was a bona fide SN la 



with a symbiotic nova progenitor (i.e., a SD scenario). 
Analyzing late-time data, (Silverman et al. submitted) 
present further evidence that PTFllkx was a SN la that 
is strongly interacting with multiple thin GSM shells. 
These findings can logically be extended to imply that 
all SNe la-CSM are likely to be real SNe la with signifi- 
cant amounts of H-rich GSM, possibly caused in part by 
a nondegenerate companion. 

In fp] we discuss our search for and identification (or 
reidentification) of previously known SNe la-GSM. Most 
of these have not been studied in much detail before, and 
we present new spectra of many of them. Similarly, in 
S|3] we discuss new SNe la-GSM discovered by PTF. fj4] 
contains the analysis of our spectra of all SNe la-GSM 
prese nted herein, i n addition to the spectra of PTFllkx 
from Dilday et al. ([2012) and Silverman et al. (submit- 
ted) . I'inally, we recap our conclusions in 35] and sum- 
marize the major observational characteristics shared by 
all SNe la-GSM. 

2. PREVIOUSLY KNOWN SNE lA-CSM 

In order to find SNe la-GSM that may have previously 
been classified as SN e Iln, we use the Super Nova IDenti- 
fication code (SNID; [B!oEdin fc Tonry|2007| . SNID clas- 
sifies SN spectra by cross-correlating an input spectrum 
with a large database of observed SN spectra (known 
as "templates"). To identify SNe la-GSM, we created 
a special set of spectral templates that consisted of all 
310 spectra of 163 objects classi fied as SNe Iln from th e 



Berkeley SN Group's database ([Silverman et al 
In addition to these 



2012a) 



;es ot a 



we also included templa' 
handful of under luminous, overlurninous, and normal 
SNe la at a variety of epochs, as well as 27 spectral tem- 
plates of the well-known la-GSM objects SNe 2002ic and 
2005gj (mentioned in fJI]). 

We then ran all of our spectra of PTFllkx and the pre- 
viously known la-GSM objects SNe 1999E, 2002ic, and 
2005gj (see §f|2lj ^^ through SNID using this newly 
created template set, making sure to ignore any tem- 
plates made from the object currently under consider- 
ation. The best-matching templates for each of these 
known SNe la-GSM were visually inspected, and SNe 
which were often found in the top 10-20 best-matching 
templates were flagged for further examination. This 
yielded 18 possible SNe la-GSM. Upon deeper analysis, 
it was found that many of the spectra matched those of 
SNe la-GSM and "normal" SNe Iln equally well; also, 
spectra of some objects had very low signal-to-noise ra- 
tios. While some of these may perhaps be true SNe la- 
GSM, we cannot confidently claim this for most of them. 
Thus, after this closer inspection was conducted, four of 
the 18 possible SNe la-GSM are convincingly part of the 
SN la-GSM class. 

Interestingly, all four of our "newly discovered" mem- 
bers of the SN la-GSM class were noted to be simi- 
lar to the prototypical la-GSM objects SNe 2002ic and 
2005gj, but only in unrefereed spectral classifications. 
From a literature search, no mention of these objects as 
SNe la-GSM is found a nywhere else, except f or SN 2008J 
which was studied by Taddia et al. (2012), work that 
was made public during the final stages of preparing this 
manuscript. Adding these four objects to the prototyp- 
ical SNe 2002ic and 2005gj and to the less-studied, but 
still fairly well known la-GSM objects SNe 1997cy and 



Supernovae la-CSM 



1999E gives us a sample size of eight SNe la-CSM out of 
the hundreds of SNe Iln discovered in the last ^15 yr. 
Tables [T] and [2] give basic information for all eight of 
these SNe la-CSM and their host galaxies, respectively, 
and our spectra of six of these SNe are summarized in 
Table [3j Upon publication, all spectra presented in this 
paper will be available in electronic format on WISeREP 
(the Weizmann Interact ive Supernova data REPository; 
Yaron fc Gal-Yam|2012[ ).^^ These eight SNe la-CSM are 
briefly discussed (in pairs) below. 

2.1. SN 2002ic and SN 2005gj 
As already mentioned, the two pr ototypical and best 



studied SNe la-CSM are SN 2002ic ( Hamuy et al. 
Deng et al.||2004l |Kotak et al.||2004| |Wang et aT 



2003 



20(M 



Wood-Vasey et ai."2004|) and SN 2005gj ( [AJdering et ah 
2006 Prieto et al. 2007j). The photometric and spec- 



tral evolution of these two objects has been well-studied 
in the works cited above. Both were found to be more 
luminous than typical SNe la and most SNe Iln, have 
spectra consisting of relatively narrow Ha emission (with 
P-Cygni profiles) on top of a "diluted" SN la spectrum, 
and broad, slowly evolving light curves. To the already 
impressive data on SN 2005gj in the literature, we add 
five spectra (three at early times and two at very late 
times) that were originally published by [Silverman et ah 
(2012a I and are displayed in Figure [l] 



2.2. SN 1997cy and SN 1999E 

The two next-best-studied SNe la-CSM are SN 1997cy 
Turatto ct al. 2000; Germany et al. 2000) and SN 1999E 
( Filippcnko,2000^ Rigon et al. 2003) . Neither of these ob- 
jects have as much data as either SNe 2002ic or 2005gj, 
but they have still been studied fairly rigorously due 
to their peculiar nature (especially before the discov- 
ery of SNe 2002ic and 2005gj). Again, both objects 
showed relatively bright absolute magnitudes with spec- 
tra that somewhat resembled those of SNe la with super- 
posed Ha emission. In Figure [2] we plot our six spectra 
of SN 1999E, which were first published by Fili ppenko] 
(12000), before it was realized that this was a SN la. Un- 
fortunately, it seems that SN 1999E was discovered well 
after maximum brightness; thus, the phases displayed 
in Figure [2] ar e relative to the U T date of discovery 



(1999 Jan. 15; [Rigon et al. 
a much later phase if calcu 
brightness 



20031, and are likely from 
ated relative to maximum 



2.3. SN 2008J and SN 2008cg 

SNe 2008J and 2008cg were both claimed to resemble 
SNe 20 02ic and 2005gj in unrefereed classification cir - 
culars ( Stritzinger et al. 2008[ Filippenko et al. 2008), 
and very recently ^iHHiaetm!] (2012) has published an 
analysis of SN 2008 J . [I'tax et al. (2011) investigated the 
Ha profiles and presented mid-infrared (IR) photometry 
from a Spitzer/IKAG survey of these objects (referred 
to as simply "SNe Iln") and found that both SNe were 
clearly d etect ed in the mid-IR ~ 500-600 d after discov- 
ery (see ^4.3 for more information). SN 2008 J resembles 
SN 2005gj m an optical spectrum obtained only 2 d after 
discovery (Stritzinger et al. 2008), which is ~2.5 weeks 



before r-band maximum brightness ( Taddia et al.|20l2 ), 
and it continues to resemble SNe l a-CSM in all nine of 
our spectra (plotted in Figure |3]). Taddia et al. (20121 
also found that the optical and NIR spectra of SN 2008J 
show narrow H Balmer, Paschen, and Brackett emis- 
sion (most with P-Cygni profiles) and that the optical 
spectra could be decomposed into a low-order polyno- 
mial continuum and the spectrum of the overluminous 
Type la SN 1991T. On the other hand, an optical spec- 
trum of SN 2008cg resemble s a relatively norm al SN Iln 
3 d after discovery (Blondin & Calkins 2008), which is 
about 10 d past maximum brightness. However, by ~2 m 
past discovery, SN 2008 cg was found to clo sely resemble 
SNe 2002ic and 2005gj (Filippenko etal.|2 008). Our five 
spectra of this objects are shown in i''igure[4| Note that 
the data on SNe 2008 J and 2008cg presentedhere a re the 
same optical spectra discussed by Fox et al. (2011 1. 



2.4. SN 2011]b and CSS120327:110520~015205 

Almost nothing has appeared in the literature rcgard- 
ing SNe 2 011jb and CSS120327:110520-015205 ( ,Drake| 
et al.|2012 ), despite bo th objects being imniediately clas- 



sihed as"5Ne la-CSM (Kankare et al. 



2011 



Drake et al. 



2012 1. We present our three spectra of SIN 2l)lljb and our 



two spectra of CSS120327:110520-015205 in Figure[5] 

3. PTF lA-CSM OBJECTS 

A similar search for SNe la-CSM was performed using 
178 spectra of all 63 SNe Iln discovered by PTF through 
August 2012. Once again, we ran these spectra through 
SNID to see if they were well matched to our sample of 
SNe la-CSM. This initial analysis yielded nine possible 
objects, but two of these were rejected based on equally 
good spectral matches to SNe Iln. We classify the seven 
remaining objects as true SNe la-CSM. These PTF ob- 
jects (in addition to PTFllkx) and their host galaxies are 
summarized in Tables [4[and [5| and our spectra of them 
are described in Table^ and displayed in Figures [6}fTT| 
See [Dilday et al." (2012) and Silverman et al. (submit- 
ted) loFlurtEeFniformation regarding PTFllkx and its 
spectra. 

Three of the PTF SNe la-CSM were publicly an- 
nounced while the other four were not. PTFlOhtz wa s 
initially classified as a Type lib SN ( Arcavi et al.|2010b ), 
but our careful SNID analysis shows that it is likely 
a SN la-CSM (with substantial host-galaxy contami- 
na tion) and mat c hes SN e 201 Ijb and 2005gj (Fig. [6' 



In Arcavi et al. (2010a) , PTFlOyni (which was inde- 
pendently discovered by Drake et al.[ 2010[ and called 
CSS101008:001049-I-141039) was classified as a "Iln/Ic," 
but once again our SNID analysis indicates that it is 
actually a SN la-CSM, matching SN 2005gj (Fig. [8|. Fi- 
nally, PTFlldsb was classified simply as a "SN 11" by 



http://www.weizmann.ac.il/astrophysics/wiserep 



Gal- Yam et al. (2011 ), but our analysis here shows that it 
is possibly a Si\ la-CSM, somewhat similar to SN 2011jb 
(Fig. l8| , though it is not completely clear whether this 
object IS a bona fide member of the class. 

4. ANALYSIS AND DISCUSSION OF THE SN lA-CSM CLASS 

Using our SNID analysis we have identified seven new 
SNe la-CSM from PTF (fp) and reidentified eight previ- 
ously known SNe la-CSM (] 2]). Given these 15 objects, in 
addition to PTFllkx, we now attempt to define observa- 
tional characteristics of this class of SNe la (while keep- 
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TABLE 1 
NON-PTF SNe Ia-CSM 



SN Name 




Discovery 


Approx. Date of 


Discovery 


Classification 


Peak Absolute 


Galactic 






Date 


Maximum 


Reference 


R.cfcrcncc'^ 


Magnitude'' 


R.cddcning'^ 


SN 1997cy 




1997 July 16 


. . .d 


lAUC 6706 


TOO, GOO 


< -20.1 {V) 


0.021 


SN 1999E 




1999 Jan. 15 


. . A 


lAUC 7089 


lAUC 7090, R03 


< -19.5 (V) 


0.088 


SN 2002ic 




2002 Nov. 13 


2002 Nov. 27 


lAUC 8019 


lAUC 8028 


< -20.3 {V) 


0.059 


SN 2005gj 




2005 Sep. 26 


2005 Oct. 14 


CBET 247 


CBET 302 


- 20.2 (ff) 


0.121 


SN 2008J 




2008 Jan. 15 


2008 Fob. 3 


CBET 1211 


CBET 1218 


- 19.2 (r) 


0.023 


SN 2008cg 




2008 May 5 


2008 Apr. 29 


CBET 1366 


CBET 1420 


- 19.4 (unf) 


0.050 


SN 2011jb 




2011 Nov. 28 


. . A 


CBET 2947 


CBET 2947 


- 20.3 (R) 


0.034 


CSS120327:110520- 


-015205 2012 Mar. 27 


2012 Mar. 8 


ATcl 4081 


ATcl 4081 


- 20.5 (unf) 


0.052 


"^ 'TOO' = Turatto ct al. 


(20001; 'GOO' =|Germany ct al. (2000^ 


'R03' =,Rigon 


et al. (2003). 






"The optical band of the 


peak absolute magnitude (and approximate date of maximum brightness 


) is given in parentheses; 'unf — 


unfiltered. 


g toward each SN as derived from the dust 






eludes the corrcc 




'^Galactic reddenin 


maps of|Schleg 


el et al.|(|1998[; in 


tions of|Peek &| 


|Graves|l|2010[. 

"^SN was discoverec 
















1 after 


maximum brightness. 











TABLE 2 
NoN-PTF Ia-CSM Host Galaxies 



SN Name 



Name 



SN 1997cy 

SN 1999E 

SN 2002ic 

SN 2005gj 

SN 2008J 

SN 2008cg 

SN 2011jb 

CSS120327:110520-015205 



Scrsic 040/06: [GGP90] 342 

GSC 6116 00964 
NEAT J013002. 81+215306.9 
SDSS J030111. 99-003313.9 
MCG -02-07-033 
FGC 1965 
SDSS J113704.81+152813.9 
SDSS J110520. 10-015204.9 



Type 


Redshift z 


Dwarf Irregular 


0.0642 


Late- Type Spiral 


0.0258 


Late-Type Spiral (Sbc) 


0.0660 


Dwarf Irregular 


0.0616 


Late- Type Spiral (SBbc) 


0.0159 


Late-Type Spiral (Scd) 


0.0362 


Dwarf Irregular 


0.0826 


Dwarf Irregular 


0.0908 



ing in mind that PTFllkx may be an extreme member). 
Though no single observable appears to be a sufficient 
condition for a SN to be considered a Ia-CSM object, 
there seem to be a handful of features that nearly all of 
the SNe Ia-CSM display. These are discussed in detail 
below, along with a few observables that are also found 
more generally in "normal" SNe Iln. 

4.1. Optical Photometry of SNe Ia-CSM 



The Caltech Core-Collapse Project (CCCP; Kiewe 



et al. 2012) found that the typical peak absolute mag- 
nitude range for SNe Iln is —18.7 < Mji < —17 mag (us- 
ing Hf) = 73 km s~^ Mpc~^, the value adopted through- 
out this work), while the Lick Observatory SN Search 
(LOSS) found their SNe Iln to ha ve peak lumino sities in 
the range -19 < Mr < -16 mag ( |Li et al.pOTTj ). LOSS 
also showed that SNe IIP/IIL have an overlapping range 
of peak absolute m agnitudes (—17 < Mfi < —15 mag; 
Smith et al.]|2011a[ ), but the spectra of SNe IIP/IIL dif- 
fer significantly from those of SNe Iln or SNe Ia-CSM 
(the former consis ting of broad P- Cygni profiles of H 
Balmer lines; e.g., Filippenko 1997). On the less lumi- 
nous end, luminous blue variable star (LBV) outbursts 
and so-called "SN impostors" (which are spectroscopi- 
cally similar to SNe Iln and SNe Ia-CS M) have peak ab - 
solute magnitudes — 16 < Mr mag (Smith et al.||2011a ). 
On the more luminous end. Type II superluminous SJNIe 
(which can also resemble SNe Iln and SNe Ia-CSM spec- 
troscopically) have peak luminositi es M^ < —21 mag 
jGal-Y am 2012'; Qu imby et al.|2013[ ). We note that both 
CCCP and LOSS have a deartli of objects which are spec- 
troscopically similar to SNe Iln with peak absolute mag- 



nitudes —21 < Mr < —19 mag, although the PTF sam- 
ple contains quite a few objects in this range (Fig. 12). 



Extending this analysis, in Figure [12] we plot the peak 
absolute r-band magnitude of all 63 objects spectroscop- 
ically identified as SNe Iln by PTF through August 2012. 
The photometric calibration of the PTF data is based on 
the Sloan Digital Sky Survey (SDSS) data when possi- 
ble, otherwise the PT F calibration and n atural magni- 
tude system are used ( Ofek et aL]|2012a|b ). The vertical 
dotted lines denote the boundaries between the various 
subtypes of SNe Iln (LBV outbursts and SN impostors, 
typical SNe Iln, and superluminous SNe II) and our pro- 
posed range of SN Ia-CSM luminosities. The gray shaded 
region is the range of SNe la that follow the Phillips re 



lation, abo ut —19.7 to —18.5 mag (e.g., Ganeshalingam 



et al.|[20T0). The black, filled histogram shows the peak 



absolute magnitudes of the seven SNe Ia-CSM discov 
ered by PTF (Spl) not including PTFllkx, the downward- 
pointing arrows signify the peak luminosities of the eight 
previously known SNe Ia-CSM (p|, and the sta r repre- 
sents the p eak absolute magnitude of PTFllkx (Dilday 
eFaL][20T2| . 
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TABLE 3 
Spectra of Non-PTF SNe Ia-CSM 



UT Date 


Ago (d)- 


Instrument^ 


Range (A) 


Res. (A) = 


Exp. (s) 


SN igggE*^ 


1999 Jan. 19.7 


4 


LRIS 


5120-8850 


7 


200 


1999 Jan. 20.7 


5 


LRIS 


3760-6240 


4.5 


200 


1999 Jan. 21.7 


6 


LRIS 


6450-10200 


7 


300 


1999 Feb. 12.5 


27 


Kast 


3382-10500 


6/11 


1800 


1999 Feb. 23.5 


38 


Kast 


3366-10550 


6/11 


1200 


1999 Mar. 12.5 


55 


Kast 


3442-10466 


6/11 


1800 


SN 2005gj'= 


2005 Dec. 2.4 


46 


DEIMOS 


3897-9070 


3 


300 


2005 Dee. 4.4 


48 


LRIS 


3280-9320 


4.5/7 


300 


2006 Jan. 1.4 


74 


DEIMOS 


3918-9061 


3 


600 


2006 Dee. 23.4 


409 


DEIMOS 


4496-9574 


3 


1500 


2007 Feb. 14.3 


459 


LRIS 


3206-9238 


6.4/7 


1200 


SN 2008J 


2008 Feb. 16.2 


12 


Kast 


4440-10500 


4.9/11.9 


900 


2008 Aug. 1.5 


177 


Kast 


4292-10800 


6.0/11.0 


900 


2008 Aug. 26.5 


201 


Kast 


4232-10800 


6.7/12.3 


900 


2008 Sep. 7.5 


213 


Kast 


4050-10740 


7.4/12.3 


1200 


2008 Sep. 22.5 


228 


Kast 


3488-10344 


4.6/11.0 


1200 


2008 Oct. 7.5 


243 


Kast 


3554-10780 


4.4/11.0 


1200 


2008 Oct. 22.4 


258 


Kast 


3476-6400 


9.0 


2400 


2008 Nov. 20.3 


286 


Kast 


3480-10000 


5.0/11.0 


1800 


2008 Nov. 23.4 


289 


Kast 


3420-8000 


4.8/5.0 


1200 


SN 2008eg 


2008 May 8.4 


9 


Kast 


3300-10800 


5.4/11.6 


1800 


2008 May 15.4 


15 


Kast 


3300-10800 


5.5/11.7 


1800 


2008 June 29.3 


59 


Kast 


3300-10790 


5.9/10.8 


1500 


2008 July 7.3 


67 


Kast 


3306-10800 


6.0/11.3 


1500 


2008 Aug. 27.3 


116 


LRIS 


3268-9240 


4.5/7.0 


454 


SN 2011jb 


2011 Dec. 24.4 


24 


Kast 


3518-10138 


4.7/9.8 


2400 


2012 June 16.4 


186 


LRIS 


3350-10152 


3.6/6.1 


600 


2012 July 16.3 


213 


LRIS 


3727-9939 


3.7/6.4 


600 


CSS120327:110520-015205 


2012 May 17.2 


64 


LRIS 


3343-10100 


3.7/6.2 


300 


2012 Juno 16.3 


92 


LRIS 


3346-10069 


4.1/6.1 


1200 



^Rest-frame days relative to maximum brightness, except for SNe 1999E and 2011jb 
where the epoch is relative to the UT date of discovery (1999 Jan. 15 and 2011 Nov. 28, 
respectively). Sec Table [Tl for the dates of maximum brightness for the rest of the 
objects. 

LRIS — Low Resolution Imaging Spectrometer on the Keck 10 m telescope; Kast — 
Kast double spectrograph on the Shane 3 m telescope at Lick Observatory; DEIMOS — 
DEcp Imaging Multi-Object Spectrograph on the Keck 10 m telescope. 
'^Approximate full width at half-maximum intensity (FWHM) resolution. If two num- 
bers are listed, they represent the blue-side and red-side resolu tions, respectively. 

These spectra of SN 1999E have been previously published b y [Filippenko I 20 00[. 
''These spectra of SN 2005gj have been previously published bylSilverman et al.!l?2012aj). 



TABLE 4 
PTF SNe Ia-CSM 



SN Name 



Discovery 
Date 



Approx. Date of 
r-Band Maximum 



Peak Absolute 
-Band Magnitude 



Galactic 
Reddening'' 



PTFllkx 2011 Jan. 16 



2011 Jan. 29 



^19.3 



0.053 



PTFlOhtz 

PTFlOiuf 

PTFlOyni 

PTFlldsb 

PTFllhzx 

PTF12efc 

PTF12hnr 



2010 Apr. 3 

2010 June 5 
2010 Oct. 3 

2011 May 13 

2011 July 17 

2012 May 13 
2012 Aug. 7 



2010 May 16 
2010 July 4 

2010 Oct. 30 

. . .b 

2011 July 23 

2012 June 15 

b 



-19.1 
-20.5 
-20.6 
-19.8 
-21.3 
-21.0 
-21.0 



0.049 
0.021 
0.059 
0.020 
0.096 
0.015 
0.037 



'^Galactic reddening toward each SN as derived from the dust maps of |Schlegel et al.| l |1998| ; includes the corrections 

of Peek k. Graves^ ( 20To| . 

''SN was discovered after maximum brightness. 
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Fig. 1. — Spectra of SN 2005gj, originally published by [Silverman et al.| | |2012a[ l, labeled with age relative to maximum brightness. The 
data have had their host-galaxy recession velocity removed and have been corrected for Galactic reddening. 



TABLE 5 
PTF lA-CSM Host Galaxies 



SN Name 


Name 


Type 


Rcdshift z 


PTFllkx 


SDSS J080913. 20+461842.9 


Late-Typo Spiral 


0.0466 


PTFlOhtz 


CGCG 352-058 


Late-Typo Spiral 


0.0352 


PTFlOiuf 


SDSS J160615. 65+335213.2 


Late-Type Spiral 


0.1586 


PTFlOyni 






0.1688 


PTFlldsb 


SDSS J161835. 63+324150.0 


Late-Type Spiral 


0.1900 


PTFllhzx 






0.2287 


PTF12efc 






0.2341 


PTF12hnr 


SDSS J232415.43-051239.0 


Late- Type Spiral 


0.1883 



Supernovae la-CSM 
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Fig. 2. — Spectra of SN 1999E, originally published in |Filippenko| pOOO[ | , labeled with age relative to the discovery date. The data have 
had their host-galaxy recession velocity removed and have been corrected for Galactic reddening. 



As seen in Figure ^ 15 of the 16 SNe la-CSM dis- 
cussed in this paper fall in the luminosity range —21 < 
Mr < -19 mag. The one outHer, PTFllhzx, just 
barely misses this cutoff with peak himinosity Mr ~ 
—21.3 mag. It appears that SNe la-CSM must have an 
absolute optical magnitude in this range, roughly 0.5- 
1.5 mag brighter than their more normal SN la cousins, 
likely due to the interaction of the SN ejecta with the 
CSM (which gives SNe la-CSM their distinct spectra). 

We also investigate the rise times of SN la-CSM light 
curves (i.e., the tim e elapsed between explo s ion an d max- 



Ganeshalingam et al.| ( |2011[ ) found 
, have a rise time of ~ 18 d in the 



imum brightness). 

that normal SNe la 

B band and ~20 d in the V band (after correcting for 

light-curve shape). Longer rise times have been seen 

in more exotic SN la subtypes, with possible super- 

Chan drasekhar mass SNe la having rise times of ^24 d 



(e.g., |Scalzo et al||2010[ [Silverman et al.|2011 | 



Accurate rise-time measurements require photometric 
observations well before maximum brightness; thus, not 
many of the previously studied SNe la-CSM have reason- 
able rise-time constraints . SN 2002ic was found to have a 
rise time as long as 28 d ( Wood-Vasey et al.|2004 ), while 
SN 2005gj had a rise time of ~2 d in the q ban d and pos- 
sibly up to ~32 d in the r band ( [Aldering et al.i2006 , Pri- 
etoetal.|2007[ ). On the other hand, CSS1208:i7:llu55IP' 



015205 app eared to have a rise time of ^ 45 d dDrake 
'et al."2012|. As for the FTP SNe la-CSM, pTday et al 
(2012) used a rise time of ~20 d for PTFllkx. Five of" 
the seven other SNe la-CSM from PTF have constraining 
pre-maximum brightness photometry and show evidence 
for relatively long rise times (~30-40 d). 

Thus, it appears that SNe la-CSM tend to have longer 
rise times than more normal SNe la. This is consistent 
with the idea that the rise time is related to the photon 
diffusion time (which should be longer in SNe la-CSM as 
the light must make its way out of the relatively large 
amount of CSM) as well as models of circumstellar shells 
in sy mbiotic recurrent nova systems (Moore & Bildsten 
20121. These rise times can also be used to estimate the 



mass-loss rate of the progenitor system that gave rise 
to the CSM. Using typical SN la-CSM ejecta and wind 
velocities of a fe w thousand and 100 km s~^ , respectively, 



and equations in Ofek et 311(2013), we find that SNe la- 

~of a tew times 10" 



CSM have mass-loss rates 



4.2. 



M, 



yr 



Optical Spectroscopy of SNe la-CSM 

We identified SNe la-CSM using our SNID analysis 
outlined in f|2]and S|3J These matches were based solely 
on comparinglow-resolution optical spectra of input SNe 
with a library of template spectra. When comparing 
the spectra of the SNe la-CSM, some show relatively 
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Fig. 3. — Spectra of SN 2008 J, the Ha profiles of which were analyzed by |Fox et al.| l |2011[ l, labeled with age relative to maximum 
brightness. The data have had their host-galaxy recession velocity removed and have beeri corrected for Galactic reddening. 



strong underlying SN la features (e.g., SNe 2002ic and 
2005gj, and especially PTFllkx), mostly at early times 
and often rese mbling the somewhat overluminous Type 



la SN 1999aa |Li et al.||200T| [Strolger et ai][2002| [Gai^ 
avini et al.^200^. However, other SNe la-(JSM (mostly 



ones with spectra from later epochs) do not resemble any 
subtype of SN la, aside from the other SNe la-CSM, and 
are much more easily mistaken for more typical SNe Iln. 
At these late times, the spectra of SNe la-CSM ba- 
sically consist of a relatively blue "quasi-continuum," 
which is likely due to emission from many overlapping, 
relatively narrow lines of iron-group elements (IGEs), 
mostly Fe II, excited by the CSM interaction, in addi- 
tion to str ong Hg emission a nd often bro ad Ca II emis- 



sion (e.g., Deng et al. 2004). Figure 



of PTFllkx and SM !^005gj, a long wit 



13 shows spectra 



1 two compa rison 



objects: SN 2010J1 (a SN Tin; [Smith et aLl [2011b [), and 

la; 



SN 1999aa (a somewhat overluminous SN la: 



et al.|2012a[). The figure is reproduced from Si 



sn^ 



Tman 



verman et 
al. (submitted) and some of the major spectral features 
are labeled. 

We do not find strong evidence of oxygen in SNe la- 
CSM, which is often prominent in SNe Tin in the form 
of the O I A7774 feature. However, it is possible that 
part of the very broad emission feature around 7400 A 
(see especially Figures fl||5]) is produced by O I A7774 



blended with [O II] AA7319, 7330, along with the almost 
certain [Ca II] AA7291, 7324. Moreover, note that the 
broad emission just blueward of Ha often seen in SNe la- 
CSM might be due to [O I] AA6300, 6364, adding to the 
evidence for oxygen emission. However, it could more 
likely be related to the broad Ha emission underlying 
the narrower components discussed at length below. 

To further investigate the spectral characteristics of 
SNe la-CSM (specifically as compared to SNe Iln), we 
measure properties of the Ha, H/3, and He I A5876 fea- 
tures in all of the objects classi fied as SNe Tin from the 



Berkeley SN Group's database ( Silverman et al. [2012a I 
as well as the 63 SNe Iln discovered by Pl'l*' through 
August 2012. We follow the procedure of Dilday et al. 
(2012) and fit the spectral features with Gaussian pro- 
files, using multiple components when necessary. In the 
following discussion, we are referring to the broader com- 
ponent with FWHM of about 500-2000 km s-\ unless 
otherwise specified. Furthermore, we found that the sim- 
ilarities and differences between SNe Iln and SNe la- 
CSM were relatively persistent at all epochs, and thus 
in the analysis below we consider data on all SNe Iln 
and SNe la-CSM at all epochs. 

We find that SNe la-CSM tend to have Ha profiles 
which, for the most part, match the bulk of the SN Iln 
distribution. The velocity associated with the peak of 
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Fig. 4. — Spectra of SN 2008cg, the Ha profiles of which were analyzed by |Fox et al.| | |2011[ l, labeled with age relative to maximum 
brightness. The data have had their host-galaxy recession velocity removed and have been corrected for Galactic reddening. 



the Ha emission in SNe la-CSM is slightly redshifted 
from the systemic velocity of their host galaxies, whereas 
the SN Iln peaks match their host-galaxy velocities more 
closely. However, this redshift is not statistically signif- 
icant. Also, the equivalent width (EW) and FWHM of 
Ha are slightly smaller in SNe la-CSM as compared with 
SNe Hn, but again this is not a statistically significant 
result. For SNe la-CSM having multiple spectra, we find 
that the EW of Ha shows strong fluctuations until ^100- 
150 d past maximum brightness, perhaps indicating the 
SN ejecta are interacting with multiple CSM shells of 
varying sizes and/or densities. At later epochs, the EW 
tends to increase with time until ~1 yr past maximum, 
when the EW possibly begins to decrease. This overall 
behavior h as been seen previously in PTFllkx (Dilday 
et al.| 2012| Silverman et al. s ubmitted), SN 2002icl[Wa^ 



et al 



et al 



imi). 



gOni ), and SN 2005gj (Aldering et al. 112006 



s 



rieto 



'i'he typical luminosities of Ha emission in nearly all of 
the SNe la-CSM studied herein (including PTFllkx) faU 
in the range (1-9) x 10^° erg s~^ . The only object that lies 
outside this range is CSS120327:110520-015205 (which 
has a luminosity of ^3.9 x lO**^ erg s^^). Previously 
calculated Ha luminosities of SNe la-CSM are consistent 
with this range. Specifically, SN 2002i c had a luminosity 
of -5 X lO'^o erg s^^ (iKotak et all 20041), SN 2005gj 



had luminosities of (1-1 0) x 10 erg s ( Aldering et al 



20061 IPrieto et al.|2007D , and SN 2008J had a luminosity 

n— ' L-i! J ^ ) I1 ' 1 UL-, ■, ■,. . -, 11^^- ^l 



([Taddia et al.||2012[ ). 



of ~1.3 X 10'" erg s 

In their respective references (and assuming shock ve 
locities of a few thousand km s~^ and wind velocities 
of ^100 km s^^), the Ha luminosities of these three 
SNe la-CSM were converted into mass-loss rates in the 
range (2-120) xl0~^ Mq yr~^, which is quite a bit lower 
than the mass-loss rates we infer using the rise times of 
SNe la-CSM. This may be due to the fact that these esti- 
mates usually assume that the Ha emission is produced 
by optically thin CSM being ionized by the SN radiation 
field, whereas we will show below that the Ha feature is 
instead likely produced largely by coUisional excitation. 

In more typical SNe Hn (i.e., ones that almost certainly 
came from the core-collapse of a massive star), decreased 
flux in the red wing of Ha compared with the blue wing 
has been interpreted as a s ign of new dust forming in 
the p ost-shock ma terial (e 



20121. In fact,;Fox et al. (2i 



g.lFox et al.|2011l [Smith et al 
201ip showed this exact phe- 



nomenon for SNe 2008 J and^OScg. Figures [TiHTB] dis- 
play the Ha profiles of the 12 SNe la-CSM for which we 
present spectra in this paper. Following the method of 
Fox et al. (2011 1, we first remove a linear continuum near 
Ha from each spectrum (the long-dashed lines in the fig- 
ures represent the now-horizontal continuum level) . Next 
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Fig. 5.— Spectra of SN 2011jb labeled with age relative to the discovery date and spectra of CSS120327:110520-015205 labeled with 
age relative to maximum brightness. The data have had their host-galaxy recession velocity removed and have been corrected for Galactic 
reddening. 



we reflect the blue half of the Ha profile across the peak 
flux, yielding the short-dashed lines in the figures. The 
dotted vertical lines are the systemic velocity of each ob- 
ject. 

the 



Fox et al. 



|2011j) that 
flux in the 



We recover the result of 
SNe 2008J and 2008cg both show diminished 
red wing of Ha compared with the blue wing. Surpris- 
ingly, we see the exact same behavior in nearly all of the 
other non-PTF SNe la-CSM at similar epochs. The red 
wings begin to decrease in flux at ~75-100 d past max- 
imum brightness and seem to continue decreasing with 
time. We do note, however, that there is some evidence 
that the red flux in SN 2008J begins to increase again 
at the latest epochs covered by our spectra. We do not 
see this behavior in the PTF SNe la-CSM because we 
lack spectra at epochs later than ~75 d past maximum 
brightness (except for one spectrum of PTFlOiuf taken 
86 d past maximum, which possibly shows evidence of 
a slight decrease in flux in the red wing of Ha, as does 
th e spectrun i of PT Fllhzx taken 55 d past maximum). 
InlFoxet al"](|201l|), IQ-^-lQ-^ Mq of dust was inferred 



from the mid-IR observations of SNe 2008J and 2008cg, 
but we caution that there are quite a few assumptions go- 
ing into the conversion from mid-IR photometry to dust 
mass. Interestingly, PTFllkx does not show this evi- 



dence for dust formation through 436 d past maximum 
brightness. However, there is some evidence of a decrease 
in the red wing of Ha in the spectrum from 680 d past 
maximum (Silverman et al. submitted). 

In contrast to Ha, the EW of H/3 in SNe la-CSM is 
significantly smaller than that of normal SNe Iln. The 
median H^ EW for SNe la-CSM is ~6 A, yet it is - 
13 A for SNe Iln. Furthermore, the EW values of the 
two SN types seem to be drawn from different parent 
populations; a Kolmogorov-Smirnov (KS) test yields p « 
0.0003. The top panel of Figure [TT] shows the cumulative 
fraction of H/3 EWs for the SNe lln from the Berkeley 
SN Group's database as well as the SNe Iln from PTF. 
The SNe la-CSM with spectra presented in this work 
are represented by the red line while the SNe lln are 
represented as the black line. The median EW was used 
when there were multiple EW measurements for a given 
object. 

Similarly, we can calculate the Ha/H/3 intensity ratio 
(hereafter, the Balmer decrement) of the SNe lln and 
SNe la-CSM, which is shown in the bottom panel of Fig- 
ure [17] The Balmer decrement is only somewhat smaller 
in SNe Iln compared with SNe la-CSM (~3 versus ^-^5, re- 
spectively) , but according to a KS test this is significant 
{p « 0.024). The Balmer decrement in SNe la-CSM also 
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TABLE 6 
Spectra of PTF SNe Ia-CSM 



UT Date 


Age (d)" 


Instrument^ Range (A) 


Res. (A)"^ 


Exp. (s) 


PTFlOhtz 


2010 June 13.3 
2010 July 14.2 


27 
57 


DBSP 3500-9800 
DBSP 3550-9900 


3/4 
3/4 


450 
450 


PTFlOiuf 



2010 June 7.1 


-23 


ISIS 


3150-9500 


3.5/7.2 


900 


2010 June 12.5 


-19 


LRIS 


3258-10116 


4.5/6.2 


900 


2010 July 7.4 


3 


LRIS 


3300-10200 


4.5/6 


450 


2010 Aug. 1.0 


24 


ISIS 


3150-9500 


3.5/7.2 


900 


2010 Aug. 8.3 


30 


DBSP 


3400-9935 


3/4 


750 


2010 Oct. 12.2 


86 


DEIMOS 


4480-9630 


3 


750 



PTFlOyni 


2010 Nov. 3.2 
2010 Dec. 6.2 
2010 Dec. 13.2 


3 
32 
38 


RCS 3330-8235 
DBSP 3505-10000 
DBSP 3500-9900 


5.9 

3/4 
3/4 


1200 

600 

1200 


PTFlldsb 


2011 June 2.1 
2011 July 5.4 


17 
45 


LRIS 3040-10240 
DEIMOS 4592-7070 


6.5/6 
3 


450 
600 


PTFllhzx 



2011 July 26.4 
2011 Aug. 1.5 
2011 Aug. 6.4 
2011 Aug. 28.3 
2011 Sop. 29.4 



12 
30 
56 



DBSP 

DEIMOS 

DBSP 

DBSP 

DEIMOS 



3440-9800 

4765-9633 

3400-9250 

3330-10000 

4583-8232 



3/4 

3 

3/4 

3/4 

3 



900 

1000 

600 

430 

1200 



PTF12ofc 



2012 May 17.5 
2012 May 22.4 
2012 May 29.3 
2012 June 18.3 
2012 July 16.3 



-23 

-19 

-14 

2 

25 



LRJS 
LRIS 
DBSP 
DBSP 
DEIMOS 



3382-10108 
3050-10257 
3480-10400 
3388-10120 
4500-8640 



3.7/5.9 

6.5/6 

3/4 

3/4 

3 



450 

480 

1200 

1800 

800 



PTF12hnr 



2012 Aug. 9.5 
2012 Aug. 22.1 



2 
13 



Kast 
ISIS 



3500-10000 
3500-9476 



4/10 
3.5/7.2 



2100 
1800 



^Rest-frame days relative to maximum brightness, except for PTFlldsb and PTF12hnr 
where the epoch is relative to the date of discovery (2011 May 13 and 2012 Aug. 7, 
respectively). See Table \4\ for the dates of maximum brightness for the rest of the 
objects. 

DBSP — Double Spectrograph on the Palomar 200 inch telescope; ISIS — Intermediate 
dispersion Spectrograph and Imaging System on the 4.2 m William Hcrschcl Telescope; 
LRIS — Low Resolution Imaging Spectrometer on the Keck 10 m telescope; DEIMOS 
— DEep Imaging Multi-Object Spectrograph on the Keck 10 m telescope; RCS — RC 
Spec on the KPNO 4 m telescope; Kast — Kast double spectrograph on the Shane 3 m 
telescope at Lick Observatory. 

'^Approximate FWHM resolution. If two numbers arc listed, they represent the blue-side 
and red-side resolutions, respectively. 



appears to increase with time before eventually decreas- 
ing, peaking at ages anywhere from about a few months 
to a year and a half past maximum brightness. PTFllkx 
had Ha/H/? > 7 in all of its late-time spectra, and it too 
showed an increase and subsequent decrease, achieving a 
peak value at ^1 yr past maximum brightness (Silverman 
et al. submitted). Furthermore, l arge Balmer decremen ts 
were also observed in SN 2005gj ( Aldering et al.||2006| ). 
A possible explanation for these large Balmer decre- 
ments is that the emission lines are produced primar- 
ily through coUisional excitation rather than recombina- 
tion. Recombination should lead to a Balmer decrement 
of ~3, while moderately high density gas can lead to large 
Balmer decrements wh en the optical depth of Ha is large 
(Drake & Ulrich 1980), possibly cau sed by Balmer self- 
absorption and coUisional excitation ( Xu et al.|1992 ). In 
SNe Ia-CSM, the SN ejecta may be interacting with thin, 
relatively dense, slowly moving shells of CSM that have 
cavities on either side of the shell, as one would expect 
from recur rent nova eruption s (and as was suggested for 
PTFllkx; [Dilday et al.|2012[ ). When the rapidly moving 



SN ejecta catch up to and overtake the more slowly mov- 
ing thin, dense shells, the hydrogen may get collisionally 
excited and naturally lead to the large IIa/H/3 ratios 
observed in the spectra of SNe Ia-CSM. Furthermore, 
models of SNe Ia-CSM interacting with a wind having 
a constant mass-loss rate appear to be inconsistent with 
late-time photometric observations (Chugai & Yungel- 
[2004 ). Thus, this relatively large Balmer decrement 



sonl. 



which is ubiquitous in SNe Ia-CSM, is likely caused by 
interaction with multiple thin, dense shells of CSM. 

The EW of He I A5876 was relatively small in PTFllkx 
(^9 A; Dilday et al. 2012; Silverman et al. submitted), 
smaller than that of most normal SNe Iln. Weak He I 
emission extends beyond just PTFllkx to the rest of the 
SNe Ia-CSM as well. Relatively narrow He I emission 
was detected in optical and near-IR spectra of SN 2008J 
taken a few days before maximum b rightnes s, bu t the fea- 
tures were weak ( Taddia et al. 2012 ) . Figure 18 shows the 
cumulative fraction ot FW oi He I A5876 for the Berke- 
ley Group's SNe Iln and the PTF SNe Iln in black, and 
for SNe Ia-CSM which have spectra shown in this work 
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ures^ 11 ). The feature also appears prominently in late- 
time spectra of PTFllkx, though it almost completely 
disappears by 680 d past maximum brightness (Silver- 
man et al. submitted). According to at least one model, 
this behavior may be the result of a cool, dense shell with 
separate Fe-poor an d Fe-rich zones becoming fully mixed 
( [Chugaiet aL][2004 |. 



Fig. 6. — Spectra of PTFlOhtz labeled with age relative to maximum brightness, and a comparison spectrum (red). The data have had 
their host-galaxy recession velocity removed and have been corrected for Galactic reddening. Note that this object has a relatively large 
amount of host-galaxy contamination, but the superposed SN features match those of other SNe la-CSM quite well. 

in red. The blue line is the SNe la-CSM, but includ- 
ing upper limits to the He I A5876 EW, and the green 
line includes the upper limits for the non-SNe la-CSM. 
As above, the median EW is used when multiple EW 
measurements exist for a given object. 

A KS test shows that the difference between SNe la- 
CSM and SNe Iln is significant (p sa 0.009), and the 
difference in median EW is striking (~2 A versus ~6 A, 
respectively). Including the upper limits calculated for 
the EW of He I A5876, the difference is decreased (median 
EW values of ~2 and ~4 A for SNe la-CSM and SNe Iln, 
respectively), and it is less significant {p ss 0.017). Thus, 
it seems that little to no He I emission is a common at- 
tribute of members of the SN la-CSM class. Perhaps 
the stronger He I emission in SNe Iln is due to an ac- 
tual abundance enhancement in the wind from a massive 
star, as compared to th e CSM shells coming from sys tems 
containing a WD (e.g., Chevalier & Fransson'1994|. 

As final note on optical spectroscopy of SNe la-CSM, 
we find that in most objects and at nearly all epochs 
the second strongest feature (after Ha) is broad (~ 
10,000 km s~^) emission from the Ca II near-IR triplet. 
Every SN la-CSM discussed herein (with spectra that en- 
compass this spectral feature near 8500-8600 A) shows 
strong emission from the Ca II near-IR triplet (see Fig- 



4.3. Other Observations of SNe la-CSM 

In addition to optical photometry and low-resolution 
optical spectroscopy, there has been a smattering of 
other types of observations of SNe la-CSM at a vari- 
ety of wavelengths. High-resolution optical spectra exist 
of relatively few SNe, and this is true of SNe la-CSM 
as well. However, for all SNe la-CSM with published 
high- resolution spectroscopy, narrow (50-100 km s~^) 
P-Cygni profiles have been observed in H a, as well as 
a handful of other spectral features (e-g., iK otak et al. 



2004| Aldering et al. 



nately, the spectra o 



2006 



■^Ni 



pilda.y et al.]|20ra| 
la-CSM presented 



. Unfortu- 
herein are 



presenter 
of such low resolution that we do not expect to observe 
these subtle features. 

Weak, narrow Na I D absorption from the host galaxy 
of SN 2005gj was f ound in the high-reso lution optical 
spectra presented by Aldering et al. ( 2006 1 . On the other 
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Fig. 7. — Spectra of PTFlOiuf labeled with age relative to maximum brightness, and some comparison spectra (red). The data have had 
their host-galaxy recession velocity removed and have been corrected for Galactic reddening. 



hand, Dilday et al. (2012 ) show strong Na I D absorption 
from the host galaxy of PTFllkx. Furthermore, a sta- 
tistical study of many high-resolution optical s pectra of 



SNe was undertaken by Sternberg et al. 



(2011), and the 



two SNe la-CSM in their sample (SiNe 2d08Tand 2008cg 
referred to as CCSNe) are found to have saturated Na I D 
lines, though the lines were redshifted in SN 2008J and 
blueshifted in SN 2008cg. 

We inspect the low-resolution spectra presented in this 
work and find that all SNe la-CSM have likely Na I D ab- 
sorption from the host galaxy. Regarding the two SNe la- 
CSM for which we do not present spectra herein, SN 
1997cy p robably does not show Na I D absorptio n from 
the host ( [Turatto et al. 120 00'; 'Germany et al.'2000), while 
SN 2002ic likely does ([ Benctti ct al.^2006) . Thus, nar- 
row Na I D absorption from the host galaxy is present in 
nearly all SNe la-CSM. 

High-resolution spectroscopy of SNe may be rare, but 
SN 2002ic is the only la-CSM ob iect that has pubhshed 
spectropolarimetric observations. Wang et al. ^2004) find 
that this object is mostly evenly polarized across the op- 
tical region at the ~0.8% level, except near Ha where it 
is highly depolarized. They state that this is significantly 
different than more normal SNe la, and that in the case 
of SN 2002ic the polarization is likely more closely tied 
to the CSM than to the explosion itself. 



At longer wave leng ths than optical, we have already 
pointed out (in p^ tha t SNe 2008J and 2008cg are 
detected in the mid-lR by Fox et al. (20111. In fact, at 
^20 d past maximum brightness, SN 2008J is the second 
strongest IR detection in their study, with flux densities 
of 2.52 mJy and 2.71 mJy at 3.6 /im and 4.5^m, respec- 
tively. While not as luminous, SN 2008cg at ~530 d 
past maximum is also clearly detected with flux densi- 
ties of 0.30 mJy and 0.35 mJy at 3.6 /im and 4.5/im, 
respectively. The two best-studied SNe la-CSM are also 
found to have IR excesses at late times. SN 2002ic is eas- 
ily detected in i^-band imaging ~256 d past maximum 
brightness as well as in ff-band and iC-b and imaging 
--352 d past maximum ( |Kotak et"ar]|2004[ ). From --40- 
140 d past maximum, SN 2U05gj is found to be 2-3 mag 
brighter and to decline more s lowly than normal SNe la 
and SNe lln in JHKs imaging ( [Prieto et al.|2007[ ). These 
IR excesses are consistent with the new dust formation 
scenario described above in order to explain the decreas- 
ing flux in the red wing of Ha at late times. In addition, 
there exists only one published near-lR spectrum (ex- 
tending to 2.2 /im) of a la-CSM object (SN 2008J), and 
it shows emission lines of the H Paschen and Brackett 
series, along w ith likely Fe II emission and weak He I 
emission (Taddia et al.|[2012 ). 

Proceeding to even lower energy radiation, SN 1997cy 
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Fig. 8. — Spectra of PTFlOyni labeled with age relative to maximum brightness and spectra of PTFlldsb labeled with age relative to 
the discovery date, and some comparison spectra (red). The data have had their host-galaxy recession velocity removed and have been 
corrected for Galactic reddening. 

was made b y Swift/XRT ^62 d past maximum, brightness 
(Immler et al. 2008). Unsurprisingly, PTFllhzx was also 
not detected by SwiftfKKT ~9 d after maximum bright- 
ness. The upper limits on the X-ray luminosity implied 



is not detected at 13 or 20 cm ^400 d after discovery, 
thou gh the limits (^2x 10^ ^ W Hz^^) are not very restric- 
tive ( [Germany et al.|2000[ ). Similarly, neither SN 2005g.i 
(at ^ 39 d past maximum brightness; Soderberg fc Frail 

d past maximum; !Chan- 



^61 



20051) nor SN 2 008cg (at 
Hra"fc SoderbCTg_2008 ) are 
Very Large Array. P'iF12hnr, observed at 6.1 GHz using 
the EVLA ~20 d after discovery, also resulted in a null 
detection. These observations can be converted into ra- 
dio luminosity upper limits of ~10^^-10^* erg s~^ Hz~^. 
This range encompasses both upper li mits and actual 
detections of more typical SNe Tin (e.g., Germany et al 



2000| [Pooley et al 
"M higher energies 



20021 |Fox et al. 2011[ ) 

both SN 20 05g.i d lmmler et al. 



2005| and SN 2008cg ( llmmler et ar]|20b8p are easily de- 
tected ^39 and ^62 a past maximum, respectively, by 
Swift/UVOT in the ultraviolet, including the bluest fil- 
ter which covers 112-264 nm. PTFllhzx and PTF12efc, 
also observed by Swift/WOT (the former ~^9 d after 
maximum brightness and the latter ~29 and 16 d before 
maximum), are both well-detected in all observations. 

Moving into the X-rays, SN 2005gj was not detected 
by Swift/XR T ~39 d past maximum brightness (Immler 
et al.|[2005l) or by Cfeandra/ACIS ^55 d past maximum 
( [Prietoet al.|2007[ ). Similarly, no detection of SN 2008cg 



by these null detections are ~10 -10 erg s ; observed 
X-ray fluxe s of SNe Iln fall in th i s range (e.g., Poole y 



et al. 2002 Zampieri et al. 2005 Immler et al 



imf 



Using the upper limits determined from the X-ray non- 
detections of SNe la-CSM and equations in |Ofek et aL] 
(20131, we calculate mass-loss rate upper limits of a few 
times 10~^ M0 yr~^ (which matches the mass-loss rates 
calculated above using the rise times of SNe la-CSM). 

4.4. Host Galaxies of SNe la-CSM 

Prieto et al. ( |2007 1 found that the host galaxies of the 
first tour discowTM SNe la-CSM (SNe 1997cy, 1999E, 
2002ic, and 2005gj) are all late- type galaxies (dwarf irreg- 
ulars and late-type spirals) with star formation likely oc- 
curring within the last few hundred Myr. They also show 
that, with the exception of the host of SN 1999E, the 
hosts have low luminosities (—19.1 < Mr < —17.6 mag, 
similar to the Magellanic clouds) which implies subsolar 
metallicities. The host of SN 1999E, however, is bright 
in the IR, shows a nuclear starburst, but is consistent 
with solar metallicity and Milky Way (MW) luminosity 
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Fig. 9. — Spectra of PTFllhzx labeled with age relative to maximum brightness, and some comparison spectra (red). The data have 
had their host-galaxy recession velocity removed and have been corrected for Galactic reddening. 



( [Allen et al.||1991 l [Prieto et al.|[2007| . 

Using the iN AsA/lPAC Extragalactic Database (NED) 
and t he Sloan Digital Sky Survey Data Release 8 (SDSS 



DR8: Aihara et al. 



four other non-P'i'l' 



20111, we find that the hosts of the 
SJNe la-CSM discussed in this work 
are also late- type galaxies. Three of the four have rel- 
atively low luminosities (—19.3 < Mr < —18.1 mag), 
while the host of SN 2008J appears to be consistent with 
MW luminosity (much like the host of SN 1999E). 

Turning now to the FTP SNe la-CSM, PTFllkx has 
a late-type spiral host with luminosity comparable to 
tha t of the MW and slightly higher-than-so lar metallic- 
ity pilday et al.|2012[|Tremonti et al.|2004[) . Four of the 
seven newly discovered SMe la-CSM in PTF (PTFlOhtz, 
FTFlOiuf, PTFlldsb, and FTF12hnr) are also found in 
what are likely late-type spiral hosts, all of which have 
luminosities similar to that of the MW (—20.6 < Mr < 
-19.2 mag). The remaining three FTF SNe la-CSM 
(FTFlOyni, FTFllhzx, and F TF12efc) do not ha ve de- 
tectable hosts in SDSS DR8 ( [Aihara et "al]|2011[ ) or in 
our deep stacks of FTF search images. This implies that 
they are low-luminosity galaxies with Mr ^ — 18 mag. 

Thus, of the 16 SNe la-CSM discussed herein, all ap- 
pear to have exploded in late-type galaxies. Nine of 
them are found in low-luminosity (and presumably, low- 
metallicity) hosts, including three hosts that arc not de- 



tected by SDSS DR8 or FTF, while seven of them (in- 
cluding FTFllkx) are found in hosts roughly similar to 
the MW. Interestingly, when the hosts of FTF SNe la- 
CSM are compared to the hosts of SNe lln from FTF, 
no significant differences are found. It has been shown 
in earlier work that SNe 1 1 in general have statist ically 
the same hosts as SNe lln ( Kelly fc Kirshner[[2012 1 , and 
that SNe lln and SNe II P both trace recerit (b ut not 
ongoing) star formation ^Ander son et aL 2012). Fur- 
therm ore, contrary to some expectations Anderson et al. 
(20121 find that SNe lln do not come from the youngest 
(and thus most massive) stars; instead, their progeni- 
tors are slightly older than those of SNe IIP. They also 
find that the association with host-galaxy Ha emission 
for SNe lln is between that of other SNe 11 and SNe la, 
perhaps implying that some of their SNe lln are actually 
SNe la-CSM which have lower-mass progenitors than any 
CCSN subtype.25 

5. CONCLUSIONS 

Running SNID on the Berkeley SN Group's database 
of SN lln spectra, we have reidcntificd four SNe la- 
CSM that were previously known (SNe 2008J, 2008cg, 

^^ Note that none of the SN e la-CSM discussed herein were part 
of the [Anderson et al.[||2012| sample. 
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Fig. 10. — Spectra of PTF12efc labeled with age relative to maximum brightness, and some comparison spectra (red), 
had their host-galaxy recession velocity removed and have been corrected for Galactic reddening. 



The data have 



2011jb, and CSS120327:110520-015205) but poorly stud- 
ied. These are in addition to the four well-studied la- 
CSM objects (SNe 1997cy, 1999E, 2002ic, and 2005gj). 
Furthermore, SNID was run on all 63 SNe Iln discovered 
by PTF through August 2012, and seven new SNe la- 
CSM were uncovered. Armed with a sample of 15 SNe la- 
CSM, in addition to PTFllkx pilday et al.|2012[ Silver- 
man et al. submitted), we investigate the unifying char- 
acteristics of this class of SN. Observable signatures of 
SNe la-CSM are as follows. 

• Peak absolute magnitudes of —21.3 < Mn < 
— 19 mag are observed (somewhat more luminous 
than normal SNe la and the bulk of the SNe Iln 
population, but less luminous than superluminous 
SNe) and relatively long rise times of ~20-40 d (as 
opposed to ^18 d for more normal SNe la). 

• SNID cross-correlations of optical spectra show 
that SNe la-CSM are spectroscopically homoge- 
neous. The spectra consist of a diluted SN la 
spectrum, along with a relatively blue "quasi- 
continuum" from many blended lines of IGEs, 
strong and broad (^10,000 km s""'^) emission from 
the Ca II near-IR triplet, and are dominated by Ha 
emission with widths of ^2000 km s~^. 



• The Ha profile shows strong fluctuations until ~ 
100-150 d past maximum brightness, at which time 
the strength tends to increase with time. There are 
also extremely narrow (50-100 km s~^) P-Cygni 
profiles present in Ha, and after ~ 75-100 d past 
maximum a decrease in flux in the red wing is seen 
(often attributed to newly formed dust). 

• Weak He I and H/3 emission are seen, as compared 
to typical SNe Iln, and the Ha/H/3 intensity ratio is 
large. This is likely caused by coUisional excitation 
of hydrogen when the SN la-CSM ejecta overtake 
slower-moving, thin, moderately dense CSM shells. 

• Within the first few months after explosion, ultra- 
violet emission is seen, but no radio or X-ray emis- 
sion is detected (although the range of upper lim- 
its derived is consistent with both upper limits and 
actual detections of SNe Iln at radio and X-ray 
wavelengths). Mid-IR emission is visible at ~0.5- 
2 yr past maximum brightness, and it is stronger 
than in typical SNe Iln or SNe la (which is further 
evidence of newly formed dust). 

• Using both rise times and X-ray upper limits, 
SNe la-CSM seem to have mass-loss rates of a few 
times 10^^ Mq yr~^, though we caution that there 
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Fig. 11. — Spectra of PTF12hnr labeled with age relative to the discovery date, and some comparison spectra (red). The data have had 
their host-galaxy recession velocity removed and have been corrected for Galactic reddening. 



are many assumptions that go into these calcula- 
tions. 

• The hosts of SNe la-CSM all appear to be late-type 
spirals with either MW-like luminosities (and solar 
metallicities) or dwarf irregulars having luminosi- 
ties similar to those of the Magellanic Clouds (and 
thus presumably subsolar metallicities). 

While the above list describes attributes of the la-CSM 
objects, several of the items can also describe more typ- 
ical SNe Ti n. This brings up the possibility, noted previ- 



ously (e.g., Anderson et al. 2012 1, that some subset of the 



SN Iln population is contaminated by SNe la-CSM. Per 
haps there are simply some bona fide SNe Iln that share 
with SNe la-CSM many, but not all, of the observational 
characteristics listed above. It is also plausible that some 
SNe Iln that can be described by many of the items listed 
above are, in fact, SNe la-CSM where the CSM interac- 
tion is too strong or begins too early for any hint of an 
underlying SN la to be identified. On the other hand, at 
least some SNe Iln are actual core-collapse events since 
a massive progenitor star is detected (e.g., SN 2005gl; 
Gal- Yam fc Leonard|[2009l ) . 

'I'he existence of the SJN la-CSM class of objects seems 
to argue that at least some SNe la arise from the SD 
channel, since a H-rich CSM is likely a result of that 



progenitor scenario (but see Shen et aL]|2013 ). Detailed 
modeling of both the core collapse ot massive stars and 
the thermonuclear explosion of WDs (with an assortment 
of binary companions) within various arrangements of 
CSM is beyond the scope of this paper, but we hope that 
future theoretical work on this subject will be informed 
by the observational results presented herein. 
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Fig. 14. — The Ha profiles of SNe 1999E, 2005gj, 2008J, and 2008cg. After removing a Unear continuum (the long-dashed lines represent 
the now-horizontal continuum level), we refiect the blue half of the Ha profile across the peak fiux, yielding the short-dashed lines. The 
dotted vertical line is the systemic velocity of each object. 
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Fig. 15.— The Ho profiles of SN 2011jb, CSS120327:110520-015205, PTFlOhtz, PTFlOyni, PTFlOiuf, and PTFllhzx. After removing 
a linear continuum (the long-dashed lines represent the now- horizontal continuum level), we reflect the blue half of the Ha profile across 
the peak flux, yielding the short-dashed lines. The dotted vertical line is the systemic velocity of each object. 
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Fig. 16. — The Ho profiles of PTF12efc and PTF12hnr. After removing a linear continuum (the long-dashed lines represent the now- 
horizontal continuum level), we reflect the blue half of the Hq profile across the peak flux, yielding the short-dashed lines. The dotted 
vertical line is the systemic velocity of each object. 
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Fig. 17. — Cumulative fraction of H/3 EW (top) and Ho/H/3 intensity ratio (Balmer decrement; bottom) for all SNe Iln from the Berkeley 
SN Group's database and PTF (black), and for SNe la-CSM with spectra presented herein (red). The median values were used when there 
were multiple measurements for a given object. 
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Fig. 18.— Cumulative fraction of He I A5876 EW for all SNe Iln from the Berkeley SN Group's database and PTF (black), and for 
SNe la-CSM with spectra presented herein (red). Also shown are the He I A5876 EWs for SNe la-CSM including upper limits (blue) and 
for SNe Iln as well (green). The median EW value is used when there are multiple measurements for a given object. 



